Background We describe an outbreak that contributed to a near doubling of the incidence of tuberculosis in Southampton, UK. We examine the importance of 24 locus mycobacterial interspersed repetitive unit variable number tandem repeat (MIRU-VNTR) genotyping in its identification and management and the role of whole genome sequencing (WGS) in tracing the spread of the strain.
Introduction
In 2011 the incidence of tuberculosis (TB) in Southampton, UK, was 21.2 per 100 000 population, considerably higher than the previous year's incidence of 13.1 per 100 000 1 and the UK incidence at the time of 13.9 per 100 000. 2 Here we describe an outbreak which was the main cause of the increase in Southampton TB rates in 2011.
Southampton is a diverse city; 10.3% of its residents are non-UK born compared to 9% nationally. 3 Three quarters of UK TB cases occur in people born abroad and the rate of TB in this group is twenty times higher than in UK-born cases. 2 With 70% developing disease more than 2 years after entering the UK, 2 it is often assumed that TB in non-UK born cases is due to reactivation of latent TB acquired in their country of birth and molecular epidemiology studies support this. 4, 5 In 2010 the Health Protection Agency, now part of Public Health England (PHE), implemented a National TB Strain Typing Service to genotype all positive TB cultures using 24 locus mycobacterial interspersed repetitive unit variable number tandem repeat (MIRU-VNTR) genotyping. The service's aims were to rapidly detect potential TB clusters or outbreaks facilitating epidemiological investigation, allowing timely public health intervention in order to prevent further transmission. Genotyping clusters are reported from Mycobacterium reference laboratories via cluster investigators to health protection teams within PHE centres who work with local TB services to investigate the possible epidemiological links between individuals with indistinguishable MIRU-VNTR genotypes. Obtaining the epidemiological information to link person, time or place is an essential, yet challenging, component of a cluster investigation as cases may be unwilling to divulge the personal information required.
Here, we describe an outbreak of TB in the UK and its subsequent control where 24 locus MIRU-VNTR genotyping played a key role in detecting the outbreak, and in confirming that it was due to recent transmission and not reactivation of TB. Further, we examine the potential role of whole genome sequencing (WGS) in tracing the spread of an outbreak strain.
Methods
The setting TB cases in Southampton, UK, are identified and treated by a single TB service which conducts contact tracing in accordance with the NICE TB guidelines. 6 
Microbiological identification
Specimens from suspected TB patients are cultured in the local laboratory. Cultures containing mycobacteria are sent to the PHE National Mycobacterium Reference Laboratory (NMRL) for identification and drug susceptibility testing. Mycobacterium tuberculosis complex isolates are then typed using 24 locus MIRU-VNTR genotyping as part of the PHE National TB Strain Typing Service. A standardized set of 24 MIRU-VNTR loci was used for genotyping, which was performed as described. 7, 8 The number of repeats at each locus is recorded and reported in the order exact tandem repeats (ETRs) A-E, MIRUs 2, 10, 16, 20, 23, 24,  26, 27, 39 and 40 and VNTRs 424, 1955, 2163b, 2347,  2401 , 3171, 3690, 4052 and 4156. Analysis of the resulting MIRU-VNTR genotypes is performed monthly at the PHE NMRL using Bionumerics (Applied Maths, St. MartenLatem, Belgium) software. Cluster numbers are assigned to clusters containing two or more cases with indistinguishable MIRU-VNTR genotypes.
Genomic DNA was sequenced on the Illumina MiSeq platform at the Queen Mary Genome Centre. Reads were mapped to a reference genome and high quality single nucleotide polymorphisms (SNPs) identified as previously described. 9 
Public health action
New and expanding MIRU-VNTR clusters are reported to the TB Cluster Investigator and PHE health protection teams to investigate if epidemiological links exist between cases and whether further public health action is needed.
Cluster investigation
Epidemiological investigation was undertaken in accordance with the National Strain Typing Handbook. 10 This recommends cluster investigation when five or more TB cases, with an indistinguishable MIRU-VNTR genotype, reside within a single PHE health protection team area and are diagnosed within 24 months, with two occurring in the previous 6 months. However, this threshold for investigation is lower if cases are children or have risk factors for TB. 10 
The outbreak
In May 2011 a cluster of four TB cases with an indistinguishable 24 locus MIRU-VNTR genotype was reported to the health protection team. Routinely available data on the cases and their contacts was analysed and supplemented using an adapted TB cluster questionnaire administered by the TB nurses to provide more information on lifestyle, activities and places visited. A local Outbreak Control Team was established with representation from the TB service, primary care trust (PCT), and health protection service.
Case definition
Outbreak cases were defined as TB cases diagnosed between January 2011 and December 2011 with an indistinguishable MIRU-VNTR genotype belonging to UK cluster E0169, or where no MIRU-VNTR genotype was available, the case was epidemiologically linked to the outbreak.
Latent TB infection (LTBI) was defined as an asymptomatic contact with a positive Mantoux and Interferon Gamma Release Assay (IGRA) test, but a normal chest x-ray.
Results

Epidemiology
The outbreak comprised 25 TB cases fulfilling the case definition, 21 of which were diagnosed in Southampton and four elsewhere in England. In total, 17 had an indistinguishable 24 locus MIRU-VNTR genotype and eight were epidemiologically linked with no TB culture obtainable.
Overall, 22 of the outbreak cases were diagnosed and treated between February and October 2011. The median interval from symptom onset to treatment initiation was 36 days (Fig. 1) . The ages ranged from 1 to 38 years with a median of 25 years and 84% were male. Five cases were under 5 years of age. Overall, 16 (64%) of the cases were of Black African ethnicity, (nine [(36%)] from Somalia); five cases were Indian, two Sri Lankan, one Afghani and one Pakistani. Of all, 18 cases were non-UK born; the majority (94%) had been in the UK for more than 2 years and 82% for more than 5 years.
Clinical details
Of all, 19 (76%) of the 25 cases had pulmonary TB, including five (20%) who were sputum smear positive, and four had pleural TB. One case had previously been treated for TB.
All cases were HIV negative. Of all, 16 (64%) had a history of BCG; with the remainder unrecorded.
Laboratory results
Overall, 17 of 25 cases had an indistinguishable 24 locus MIRU-VNTR genotype 323332532415326245343383, and belonged to strain type cluster E0169. The first four cases in the cluster were identified by the NMRL in May 2011; no cases with this MIRU-VNTR genotype had been detected in the UK prior to this. TB isolates from Southampton cases diagnosed in 2009 were retrospectively genotyped at the NMRL and none had a MIRU-VNTR genotype consistent with cluster E0169; neither was the genotype identified in 2010 isolates. The MIRU-VNTR genotype suggests the Euro-American lineage which is widespread across the Americas, Europe and Africa. As the outbreak expanded, the NMRL as part of the National Strain Typing Service identified three further cases with the same MIRU-VNTR genotype in London and the Midlands. WGS of the 17 isolates sharing the E0169 profile were undertaken at a later date and revealed that 15 of them were identical, whilst two isolates differed from the main cluster by 1-2 SNPs each.
All specimen cultures were fully sensitive to first-line TB drugs. 
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Outbreak description
Initially, there appeared to be two epidemiologically unconnected case subsets, an Asian family cluster and a cluster of young Somali men. However, the use of detailed cluster questionnaires and the interviewing skills and persistence of the TB nurses showed that all cases, including those outside Southampton, were epidemiologically linked. A complex network of social relationships and venues linking all cases comprised family and social contacts, an Internet café, a football club, a barber's shop, various homes where computer games and smoking took place, and visits to mosques (Figs 2 and 3) . It became apparent that the primary link in the cluster was the barber shop (cases 1, 6 and 24-cases are numbered in the chronological order of their stated onset of symptoms) and a Somalia-born man (case 10) who was a close friend of the cases numbered above. Case 10 had been symptomatic for some time and he remained sputum smear The first case to come to the attention of the local TB service was a UK-born child (case 5); with culture confirmed pleural TB. The child was later identified as a contact of a family friend with TB (case 7) of Asian ethnicity. Three Asian cases (cases 2, 4 and 7) were family members and linked to the barbers shop. Case 10 initially appeared to have no connection to the Asian family. He was reluctant to provide information or name his close contacts but many subsequent cases named him as a contact. Later it was discovered that he and staff at the barber shop were friends. Eleven of case 10's family members were screened, three had active TB and eight had LTBI.
A month after the initial four cases were identified by MIRU-VNTR genotyping, two males (cases 8 and 12) were reported with the same genotype, one of whom attended a local football club with case 10. Screening at the football club was organized and following awareness-raising, four new cases (members of the football club) self-presented with TB symptoms. Three of the four had a MIRU-VNTR genotype indistinguishable from the outbreak strain (cases 11, 16 and 18): a culture was not obtainable for the fourth (case 6) who was also linked to the barber's shop. In total, 18 of 29 members (62%) of the football club were screened. Four positive IGRA tests were obtained, an LTBI screening yield of 22%. Including the four cases of active TB who selfpresented, the overall yield of screening at the football club for active and latent TB was 36%.
The barber's shop was a social venue used by 11 (of 25) individuals from the outbreak (Figs 2 and 3) . Seven members of the outbreak admitted to using recreational drugs. The barber's shop has since closed in 2010.
A homeless shelter resident (case 24) who had previous connections to the barber's shop had also lived with case 10. Screening at the homeless shelter did not reveal any additional cases; however, a further case (case 23) knew both the homeless case and was a friend of case 1.
In addition, 12 outbreak cases reported intermittent attendance at three different mosques. TB awareness announcements were made by the Imams but screening was not undertaken.
Other potential transmission sites were private homes where computer games were played. Case 22 (diagnosed in a different region of the UK but attending university locally) named a member of the outbreak as a fellow student (case 12) and described playing computer games with him and others at a private house. Case 10 was also present and another attendee was later identified as case 24. Three of case 22's household contacts had LTBI and a sibling developed active TB (case 25).
Cases 13 and 15 lived in London and were identified by NMRL. Following further investigations, both cases were linked to Southampton. Case 15 had a previous episode of TB in Southampton in 2009 caused by a different genotype, excluding him as a source of the outbreak. In total, for this outbreak, 82 household and close contacts were identified for screening of which 74 (90%) were screened, seven (9%) had active disease and 24 (32%) had latent infection (Fig. 4) . The seven with active disease became members of the outbreak and are included in the 25 total cases.
Discussion
Main finding of this study TB genotyping led to the detection of this outbreak which resulted in a near doubling of Southampton's TB rates in e70 JOURNAL OF PUBLIC HEALTH 2011 and in unifying what had seemed to be two different incidents. The synergy of information from MIRU-VNTR genotyping with that collected from routine contact tracing and an enhanced cluster questionnaire enabled additional individuals to be screened and control measures to be tailored to the settings involved. MIRU-VNTR genotyping showed cases were linked to the outbreak when previously no epidemiological link was known. Cases and contacts with a previous TB history had a different strain in their earlier episode, illustrating how MIRU-VNTR genotyping can distinguish between reactivation of previous TB disease and a different newly acquired TB strain in a second episode of disease.
MIRU-VNTR genotyping also provided evidence to support recent transmission of TB in this outbreak among non-UK born cases. The outbreak MIRU-VNTR genotype linking these cases had not previously been identified in the UK. Without the genotyping many of the outbreak cases would have been assumed to be due to reactivation of TB infection acquired abroad.
Recent studies describing WGS of isolates from epidemiologically linked TB patient clusters have shown that transmission frequently occurs without detectable change and isolates separated by more than five SNPs are unlikely to be the result of direct transmission. 11, 12 Here, WGS confirms that the VNTR-defined cluster comprises a single outbreak. The data further suggests that two cases, which differ from the main cluster of 15 indistinguishable isolates, are not linked by a transmission event between the two and have not transmitted onwards to any of the other cases with sequenced isolates. Further investigations will establish the utility of WGS to supplement (or replace) VNTR clustering in characterizing outbreaks.
What is already known in this topic
Maguire et al showed that, in London between 1995 and 1997, TB was largely caused by reactivation or importation of infection in recent migrants, and that recent infection caused only 14.4% of TB cases. 4 This contrasts with this investigation where TB transmission was recent and high.
In this outbreak, the first case to present with symptoms was the youngest case. Children are often sentinel cases indicative of recent TB transmission in a community. 13 Transmission between social and ethnic groups occurred but did not include transmission to the local white British born population. This probably reflected social interactions between people of different ethnicities in a small area of the city.
A high rate of TB transmission occurred between the cases and their contacts. This is exemplified by the large number of healthy young adult contacts and children who developed active TB within a year of their probable exposure; and the large number of contacts with latent TB, although the possibility remains that some of the LTBI cases could have been due to infection acquired earlier or elsewhere. The time-period between exposure to a case and the development of active disease appears to be short and may be evidence that the outbreak strain of M. tuberculosis is particularly virulent; cases were not immunocompromised.
What this study adds
Although MIRU-VNTR strain typing was vital in identifying linked cases, the epidemiological information gleaned was essential in understanding disease transmission. The enhanced cluster questionnaire and interviewing skills of TB nurses identified possible transmission settings. This then informed the public health action and screening to prevent ongoing transmission. It also enabled TB cases to be linked to the outbreak where a culture was unobtainable.
Local interventions were targeted at the Somali population which appeared to have been at higher risk in this outbreak. However, it was challenging to obtain contact and social information from cases and on average only four contacts per case were identified. The reluctance to name contacts may reflect the stigma attached to TB in the Somali community and similar attitudes have been observed elsewhere.
14 In addition, purchase and use of illicit drugs by cases may also have been a factor in their reluctance to supply information. The small number of contacts identified by cases increased the importance of the public health awareness-raising undertaken to control the outbreak. This included informing General Practitioners and university student welfare officers and providing them with information on TB, holding a well-attended public meeting in a community centre, and broadcasting a local radio programme on TB. TB awareness-raising was also undertaken at local mosques, temples and the Internet café. An indication of the success of these activities was the speed at which later outbreak cases sought treatment. The median interval from symptom onset to treatment was 36 days, comparably shorter than a 67 days delay previously observed in England. 15 TB screening was undertaken at both the football club and a hostel. Football as an outdoor activity would normally be considered a low risk setting for TB transmission; however, the social connections between members of the club appear to have been of more significance. For example, five football associated cases also visited the same Internet café which was named by eight cases as a common social venue. Internet cafés have previously been identified as settings for TB transmission. 16, 17 There is little mention in the literature of barber shops being associated with the transmission of TB and these visits are not normally documented when undertaking contact tracing. Anecdotally, some barber shops are locations for socializing and watching TV. Mosques were another setting in which transmission might have occurred; however, three large mosques were described by the same colloquial name and accurate identification of which mosque cases attended was difficult. In addition mosque attendance by cases was described as infrequent. Screening at mosques has previously been found to be time consuming with a low detection rate. 18 Screening was not undertaken at the mosques but awareness-raising notices were prepared by the outbreak control team and read out by the Iman.
The outbreak was resource intensive, both for the local Health Protection team, reference laboratory and TB services.
Limitations of this study
One limitation of this study is that the numbers involved are relatively small compared to some outbreaks involving other organisms, however, this TB outbreak consisted of a significant number of cases in otherwise healthy young people over a short period of time.
A second limitation is that 8 of the 25 cases did not have TB culture results and therefore could not be proven to have an indistinguishable MIRU-VNTR genotype, however, five of the eight were children under 5 years of age where culture confirmation is often unobtainable.
A third limitation is the possibility that some of the LTBI positive contacts could have been due to infection acquired earlier or elsewhere. However, the source of LTBI cannot be proven microbiologically.
Conclusion
This outbreak investigation illustrates the value of combining active case-finding with timely strain genotyping and the potential for WGS analysis. It also shows that active TB transmission, rather than reactivation, was the cause of this outbreak in non-UK born individuals.
One of the aims of the National TB Strain Typing Project is to enhance the understanding of the dynamics of TB transmission in England and therefore strengthen prevention and control strategies. This outbreak clearly demonstrates how MIRU-VNTR genotyping data led to further investigation and identification of settings in which to undertake public health action to control the outbreak which would not have been identified by epidemiological investigation alone.
Our data supports the view that, whilst WGS can refute direct transmission and inform epidemiological contact tracing, the M. tuberculosis in this outbreak did not harbour sufficient genetic diversity to trace the individual transmission events.
